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The characteristics of a large negative-ion source with external filter is investigated for the 
neutral-beam injection system in a large helical device. The magnetic cusp field is set up at 
almost the same strength as that in our well optimized l/3 ion source with rod-type magnetic 
filter. An H- ion current of 52 A is extracted from the ion source with Cs seeding. The H- 
current corresponds to 19.7 mA/cm2, and the value is comparable to the current density 
obtained using the l/3 scaled ion source with a rod-type magnetic filter at the same extraction 
voltage. In low operating pressure, the ion source with the external filter has a better 
performance on the extraction of H- ions. 
1. INTRODUCTION II. EXPERlMEbiTAL APPARATUS 
Neutral beam injection (NBI) is one of the effective 
methods for plasma heating, fueling, and current drive. A 
beam energy of more than 100 keV is required for the NBI 
system for large plasma confinement devices of the next 
generation. The development of a negative-ion source is 
required because of the high neutralization efficiency of 
negative hydrogen/deuterium ions (H-/D-) in this range 
of beam energy. 
Multicusp ion sources have been developed as H- ion 
sources because of their simple structure and reliable 
operation.lp2 Recently, it has been reported that the H- ion 
current is enhanced by adding a small amount of cesium 
(Cs) into the plasma chamber.3-5 A hydrogen negative-ion 
beam of 10 A was extracted by Cs seeding from a multi- 
cusp ion source at the Japan Atomic Energy Research In- 
stitute (JAERI); the beam current corresponds to 37 
&cm2 in current density.’ 
The l/6 scaled ion source with an external filter is 
schematically illustrated in Fig. 1. The plasma chamber is 
made of oxide-free copper, and Sm-Co magnets are set up 
around the chamber to form a multicusp magnetic config- 
uration. The dimensions of the chamber are 35.0 cm in 
width, 35.0 cm in height, and 19.0 cm in depth. Six tung- 
sten filaments are used as the cathodes. The external filter 
field is formed by a pair of permanent magnets included in 
the flange between the plasma chamber and the plasma 
grid. The field strength produced by this titer is about 40 
G at the center of the plasma grid. In order to match the 
filter field and the multicusp field, the permanent magnets 
forming the multicusp field are set up to have antipolarities 
on both sides of the vertical middle plane of the plasma 
chamber. 
In the large helical device (LHD) project, conducted 
by the National Institute for Fusion Science, heating by the 
negative-ion-based NBI system has been proposed;6 the 
system is capable of an injection power of 20 MW at an 
injection energy of 125 keV for hydrogen and 250 keV for 
deuterium. The ion source is required to develop the ion 
source which can deliver a H- ion current of 45 A, and the 
value corresponds to 30 mA/cm2 in current density. 
So as to supply the Cs vapor into a plasma chamber, a 
Cs injector is attached through the sidewall of the plasma 
chamber via a valve. The oven can be heated up to 300 “C!. 
The guiding tube and valve can be heated to higher tem- 
perature than that of the oven to prevent the condensation 
of Cs vapor. The amount of Cs vapor induced to the 
plasma chamber is changed by the opening duration of the 
valve and the frequency of Cs seedings. In the experiment 
with the l/6 scaled ion source, the Cs vapor. is seeded 
about 200 mg into the plasma chamber once before the 
experiment. 
In order to satisfy the requirement for the LHD-NBI 
system, the development has been done using a l/6 scaled 
ion source and a l/3 scaled one, which consist of the rod- 
type magnetic filters. We obtained a H- current density of 
54 niA/cm” from 36 apertures by using a l/3 scaled ion 
source which is enhanced by the cusp magnetic field to 
improve the plasma confinement. In this article, the rela- 
tion between the H- ion current and arc plasma confine- 
ment is reported on a l/3 ion source with a rod-type mag- 
netic filter and a l/6 ion source with an external filter. 
‘)On leave from Toshiba Corporation. 
“On leave from Hitachi, Ltd. 
The beam extracting system is composed of four mul- 
tiaperture electrodes as shown in Fig. 1. The plasma grid is 
made of molybdenum. The grid is not cooled, because it is 
needed to raise the temperature of the grid. The other grids 
are made of oxide-free copper cooled by water. Permanent 
magnets are included in the extraction grid to deflect elec- 
trons extracted together with H- ions. The H- ions are 
extracted from 414 (18 X23) apertures of 9 mm in diam- 
eter. The apertures are arranged in the area of 25 X25 cm’, 
and the grid transparency is 40%. The extraction voltage 
V,, is applied between the plasma grid and the extraction 
grid. The voltage can be changed up to 5 kV. The acceler- 
ation voltage V,,, is applied between the extraction grid 
and the ground grid, and the maximum voltage is 50 kV. 
The extracted H- ion current is measured by a two- 
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FIG. 1. The schematic diagram of the l/6 scaled negative-ion source with 
the external filter. 
dimensional calorimeter array placed at 1.6 m  downstream 
from the plasma grid. The  array has a  cross form and the 
schematic beam profiles in both horizontal and  vertical 
I directions can be  detected in a  shot. Total H- current can E 
be  obtained from the two-dimensional beam profile. The  g  2o  Vextz5.S8SkV 
2 Vacc=22-32kV 
array is movable in the vertical direction, and  the whole fix 10 
H- protie can be  obtained. In front of each calorimeter, 
permanent  magnets are installed to deflect extracted elec- 0 0 50 100 150 200 250 
trons. So as to confirm that only the negative ion current is P-arc. (kW) 
detected by the calorimeter array, the electron beam is 
extracted from the ion source in hel ium discharge. In the FIG. 2. The arc power P,, dependency of the H- current density in the 
case of the hel ium discharge, no  signal can be  detected in l/3 scaled ion source with a rod-type magnetic filter with (a) a weak cusp 
the same operat ing condit ion using a  hydrogen discharge. 
field, and with (b) a strong cusp field. 
III. RESULTS AND DISCUSSIONS 
In order to improve arc plasma confinement, Sm-Co 
permanent  magnets are stacked on  the magnets forming 
the cusp field. The  field is about two times stronger than 
the field before stacking the additional magnets. The  elec- 
tron density and  the temperature are measured as plasma 
parameters by a  Langmuir  probe in both field strengths. 
The  l/3 scaled ion source. with the rod-type magnetic 
filter7 is appl ied to this measurement  in pure hydrogen 
discharge. After strengthening the cusp field, the electron 
density and  the temperature increase up  to a  factor of 
about 2. 
The  H- current densities are measured by using the 
ion source with both cusp field strengths described above. 
F igures 2(a) and  2(b) indicate the current densities as the 
functions of arc power in the weak and strong cusp fields, 
respectively. The  increase of the current density seems to 
be  affected by the increases of the plasma parameters. 
It is well known that adsorbed Cs on  the metal surface 
lowers the work function. If it is assumed that in the ion 
source H- ions are predominantly produced through the 
electron capture at the cesiated metal surface; the H- den-  
sity depends strongly on  the fluxes of hydrogen atoms 
(Ho) and  their positive ions (H+ ) onto the surface. The  
hydrogen atom and its positive ion are ma inly produced by 
the dissociation of the hydrogen mo lecule which collides 
with the high energy electrons in an  arc plasma. So that the 
improvement of arc plasma confinement is considered to be  
one  of the effective ways to increase the H- ion current. 
The  rod-type magnetic filter has some disadvantages 
such as the filter becomes a  loss region of arc plasma and 
also masks the extraction apertures. The  external filter dis- 
solves those disadvantages. An ion source with the external 
filter is investigated to obtain the characteristics of the arc 
plasma and H- ion extraction. The  ion source is scaled l/6 
size one  of the ion sources for the LHD-NBI. The  cusp 
field strength is almost the same as that of the l/3 scaled 
ion source after strengthening the cusp field by stacking the 
magnets. 
It took a  long time  for the condit ioning of the l/6 
scaled ion source with the external filter. The  arc plasma is 
unstable, and  the mode  transition and  arcings occur fre- 
quently. -The total H- ion current obtained from the ion 
source with the external filter, is shown in F ig. 3  as a  func- 
tion of the arc power Pa,, before and  after Cs seeding. After 
Cs seeding, the enhanced H- ion current is about 2.5 times 
as large as that in the operat ion without Cs seeding. The  
maximum current of 5.2 A is obtained in the Cs mode  at 
Pa, = 56  kW and V,, = 5.0 kV, and  this value corresponds 
to a  current density of 19.7 mA/cm2. For the same input 
arc power per volume and the same extraction voltage, this 
current density is comparable to that of our well-optimized 
l/3 scaled ion source with the rod-type magnetic filter. The  
H- current shown in F ig. 3  appears to saturate because of 
the insufficiency of the extraction voltage, and  it is ex- 
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FIG. 3. The arc power P, dependency of the total H- current IH- in the FIG. 5. The arc power P, dependency of the extraction current I,,, in 
l/6 scaled ion source with an external magnetic field. the l/6 scaled ion source with an external magnetic filter. 
petted that higher H- current density can be expected as 
the extraction voltage increases. Indeed, a current density 
of 54 &cm2 has been obtained from 36 apertures in the 
l/3 scaled ion source with the rod-type magnetic filter.7 
The gas pressure dependency of the total H- ion cur- 
rent is shown in Fig. 4. For each arc power, the H- ion 
current saturates and slightly decreases as pressure ini 
creases beyond 1.0 Pa. This seems to be caused by the 
stripping loss of the H- ion beam. The H- ion current is 
nearly constant within the pressure range of 0.6-1.7 Pa in 
the Cs seeded operation. In an operating gas pressure of 
about 1 Pa, the H- current density extracted from the ion 
source with the external filter exceeds the density extracted 
from the source with the rod filter. This can be interpreted 
that the plasma confinement of the ion source with the 
external filter is better than that of the ion source with the 
rod filter, and even in low hydrogen gas pressure the dis- 
sociation occurs effectively. In an operating gas pressure of 
about 1 Pa, in high power operation, the reduction of the 
operating pressure has advantages such as a decrease of the 
stripping loss of H- ion beams and reduction of the gas 
load for the pumping systems. 
Figure 5 shows the dependency of the extraction cur- 
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FIG. 4. The pressure dependency of the ratio of total H- current In- in 
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rent on arc power. The extraction current is considered to 
be the sum of the H- ion and electron current. The ex- 
tracted electron current is reduced to about 70% by seed- 
ing Cs into the plasma chamber. When the Cs vapor is 
included into the arc plasma, the ratio of electron current 
to H- ion current is reduced from 2 1.5 to 7 at an arc 
power P, = 50 kW. 
In the ion source with external filter, the effect of elec- 
tron reduction with Cs seeding is smaller than that in the 
ion source with rod filter. The mechanism of electron re- 
duction seems to be as follows. In a plasma discharge the 
charge neutrality usually results from balancing the density 
of positive ions with that of electrons. On the other hand, 
when the Cs vapor is included in an arc discharge, the H- 
ions are produced on the cesiated metal surface and in the 
proximity of the surface the H- ions exist sufficiently to 
compensate for positive ions without the electrons of low 
energies. High energy electrons in the arc plasma can pen- 
etrate into the surface region of high H- density. Those 
electrons are considered to be extracted together with H- 
ions. The penetration of high energy electrons to the ex- 
traction region can occur when the external lilter field is 
insufficiently strong. Especially, in low gas pressure, the 
high energy electron cannot relax its energy by collision 
with neutral particles. The strength of the magnetic field 
near the boundary between the cusp region and the exter- 
nal fllter region seems to play an important role in the 
improvement of electron reduction. 
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